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OVERVIEW
 ACCURACy is a low TRL NASA funded project to develop a new methodology for
intercalibrating CubeSat constellations
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MOTIVATION OF RESEARCH
 Continuous, high resolution and frequent-revisit
radiometer measurements with broad spatial and
temporal coverage play a significant role in
understanding Earth and Planetary systems.
 Constellations of inter-calibrated radiometers on
several platforms have been formed to enable
such measurements.

*Credit: NASA

 Inter-calibration of these constellations, currently,
rely on two main steps:
(1) One sensor is selected within the
constellation
as an
absolute calibration
reference and calibrated using blackbodies or
RTMs.
(2) Collections of constellation measurements
over same locations at nearly same times are
used to eliminate
biases
between
constellation members (post-processing).

*Berg, Relevance of GPM XCAL Activities to Suomi NPP/JPSS
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MOTIVATION OF RESEARCH
 Architecture of space-borne missions has been
changing rapidly in the past few years.
 Rapid technological developments in enabled
usage of CubeSats in scientific missions.
 Advantages of CubeSats over traditional
monolithic systems:
Low cost, low volume/mass and reduced
power requirements

*Futura-Sciences. “Miras.” Futura-Sciences
www.futura-sciences.us/dico/d/astronautics-miras50005978/

 Government agencies, academia, and industry
have invested in CubeSat technology, especially
in constellations of identical CubeSats to
enable frequent-revisit, real-time, and
consistent observations with large coverage.
*Black, Patrick. “Goddard's IceCube SmallSat Ready for Launch,
Space Station Deployment.” NASA, NASA, 28 Feb. 2017,
www.nasa.gov/feature/wallops/2017/goddards-icecube-smallsatready-for-launch-space-station-deployment.
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MOTIVATION OF RESEARCH
 CubeSat-based radiometer constellations bring
unique challenges in terms of their calibration.
No thermal mass and radiation shielding 
Susceptible to ambient conditions (gain
fluctuations)
No blackbody targets  must use vicarious
targets (cannot be done frequently)
Result: Calibration of unstable systems with
possibly large errors and uncertainties.
 We also desire an autonomous and real time
(inter)calibration rather than post-processing
(re)calibration to fully utilize the potential of
CubeSat constellations (promptly reacting to
critical observations)

Calibration of the Microwave Radiometer Technology
Acceleration (MiRaTA) CubeSat. Credit: MIT, MIT/LL

Calibration
CubeSat.
IceCube:
Technology
for Future
CubeSat.

of IceCube
Dong
Wu,
Submm-Wave
Development
Science on a
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RESEARCH OBJECTIVES
The overarching goal of this project is to develop a softwarebased framework to calibrate constellations of identical
CubeSat microwave radiometers in their entirety. This
framework is composed of three primary steps:
1) Develop a procedure implementing clustering techniques
to gather radiometers in similar states in time-adaptive
clusters
2) Develop a procedure which manages cluster-level
calibration data pools and data sharing, anomaly detection
3) Develop a module managing cluster-level N>2 point
absolute calibration structure using cluster-level
calibration data pools

The ACCURACy framework with its three
modules. Note the inputs and the outputs of each
module.
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RESEARCH OBJECTIVES
The objectives of this procedure include:
1) Mathematically
quantifying
errors
and
uncertainties in calibrated measurements due to
cluster-level gain fluctuations
2) Studying data processing
requirements, scalability.

and

transmission

3) Test and validation in collaboration with actual
missions, on real data (post-processing) or on
orbit.
The ACCURACy framework with its three
modules. Note the inputs and the outputs of each
module.
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METHODOLOGY
The Cluster Module
Inputs:
n-dimensional telemetry data from
each radiometer
Implements:
PCA & CB

The Cluster Module operating on an eight-CubeSat radiometer
constellation. Based on three principal components, two similarstate radiometer groups are identified, and one CubeSat is discarded
as an anomaly.

ML algorithms such as Principal
Component Analysis (PCA) and
Density-Based Spatial Clustering of
Applications with Noise (DBSCAN)
as well as cell-based (CB) clustering
algorithms
Outputs:
Real-time cluster information for
each radiometer

Adjustable Parameters:
 Number of principal components (k)

 Clustering algorithm

 Cluster size in k-dimensional space

 Anomaly criteria / Health parameters
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METHODOLOGY
The Cluster Module
QUESTION: What is the relationship between radiometer gain and telemetry data?
ANSWER: Analyze real CubeSat radiometers  IceCube
883 GHz CubeSat radiometer to measure Earth’s cloud-ice
distribution. Operated between Jun 2017 and Oct 2018.

IceCube PI Dong Wu holding
the instrument. Credit: NASA

Both pre-launch and post-launch data have been obtained and are
being analyzed. We would like to thank Dr. Dong Wu and Dr. Jie
Gong for their support.
Radiometer gain is typically
determined by the physical
temperature of the system read by
thermistors and the age of the
instrument.
Gain of the ith radiometer in the constellation:
𝑁𝑁
𝑔𝑔𝑖𝑖 = ∑𝑁𝑁
𝑘𝑘=1 𝑊𝑊𝑖𝑖𝑖𝑖 𝑇𝑇𝑖𝑖𝑖𝑖 + ∑𝑘𝑘=1 𝑃𝑃𝑖𝑖𝑖𝑖 ∆𝑇𝑇𝑖𝑖𝑖𝑖 + 𝑅𝑅𝑖𝑖 𝑡𝑡𝑖𝑖
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METHODOLOGY
The Calibration Pool Module
Inputs:
Real-time cluster information for
each radiometer
Calibration measurements
times from each radiometer

and

Implements:
Data fusion and distribution
Outputs:

The Calibration Pool Module operating on a cluster with 4
radiometers. Vicarious calibration measurements and measurement
times are collected in a data pool shared by all group members.

Cluster-specific datasets including
vicarious
calibration
measurements and associated
times shared by all cluster
members

Adjustable Parameters:
 Availability time interval for individual calibration measurements
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METHODOLOGY
The Calibration Module
Inputs:
Calibration measurements and
associated times provided by the
Calibration Pool module
Scene
measurements
associated times

and

Implements:

The Calibration Module calibrating a CubeSat radiometer in similarstate radiometer cluster using the associated calibration data pool.

Adaptive
calibration

N>2-point

absolute

Outputs:
Calibrated scene measurements and
associated times

Adjustable Parameters:
 Calibration measurements to be used in the calibration
 Uncertainty and accuracy requirements for calibrated products
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METHODOLOGY
The Calibration Module
Development of the Calibration module focuses on
1. Gain characterization of the constellation, and
2. Implementing N>2-point adaptive absolute calibration using the input from the Calibration
Pool module to reduce and quantify the errors and uncertainties in the calibrated products.
Calibration of linear radiometer systems using n absolute calibration targets:
𝑇𝑇�𝑠𝑠 = 𝑣𝑣𝑠𝑠 − 𝑣𝑣𝑖𝑖

𝑛𝑛

∑𝑛𝑛
𝑖𝑖=1 𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑖𝑖 𝑛𝑛 𝑇𝑇𝑖𝑖
2
∑𝑛𝑛
𝑖𝑖=1 𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑖𝑖 𝑛𝑛

+ 𝑇𝑇𝑖𝑖

𝑛𝑛

= 𝑓𝑓 𝑝𝑝1 , 𝑝𝑝2 , … , 𝑝𝑝𝑘𝑘

where 𝑣𝑣𝑖𝑖 = 𝑔𝑔𝑣𝑣𝑖𝑖′ and 𝑣𝑣𝑖𝑖′ ~𝑁𝑁(𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 , 𝜎𝜎𝑇𝑇𝑖𝑖 )

𝜎𝜎 𝑇𝑇�𝑠𝑠 2 = 𝐸𝐸

Using the Taylor’s series expansion of T�s around its mean:
2
2
𝜎𝜎 𝑇𝑇�𝑠𝑠 2 ≅ ∑𝐾𝐾
𝑖𝑖=1 𝜎𝜎𝑝𝑝𝑖𝑖 𝑓𝑓𝑝𝑝𝑖𝑖 + 2 ∑𝑖𝑖<𝑗𝑗 𝑓𝑓𝑝𝑝𝑖𝑖 𝑓𝑓𝑝𝑝𝑗𝑗 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑖𝑖 𝑝𝑝𝑗𝑗

𝑇𝑇�𝑠𝑠 − 𝐸𝐸 𝑇𝑇�𝑠𝑠

2

𝜕𝜕

where 𝑓𝑓𝑝𝑝𝑖𝑖 = 𝜕𝜕𝑝𝑝 𝑓𝑓 𝑝𝑝1 , 𝑝𝑝2 , … , 𝑝𝑝𝑘𝑘 �
𝑖𝑖

𝑝𝑝1 =𝑝𝑝1 ,𝑝𝑝2 =𝑝𝑝2 ,…,𝑝𝑝𝑘𝑘 =𝑝𝑝𝑘𝑘

In case of gaussian and autoregressive radiometer gain processes, these equations are analytically solvable.
Gaussian Gain
(𝑔𝑔~𝑁𝑁 𝜇𝜇𝑔𝑔 , 𝜎𝜎𝑔𝑔 )

𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣𝑗𝑗<𝑖𝑖 (𝑡𝑡𝑗𝑗 ), 𝑣𝑣𝑖𝑖 (𝑡𝑡𝑖𝑖 ) = 𝜎𝜎𝑔𝑔2 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

𝑗𝑗<𝑖𝑖

1st order Autoregressive Gain

(𝑡𝑡𝑗𝑗 )𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡𝑖𝑖 )𝛿𝛿 𝑡𝑡𝑗𝑗 − 𝑡𝑡𝑖𝑖
𝑖𝑖

(𝑔𝑔 𝑡𝑡 = 𝛽𝛽0 + 𝛽𝛽1 𝑔𝑔 𝑡𝑡 − 1 + 𝜖𝜖𝑔𝑔 )
|𝑡𝑡 −𝑡𝑡𝑖𝑖 | 2
𝜎𝜎𝑔𝑔 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
𝑗𝑗<𝑖𝑖

𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣𝑗𝑗<𝑖𝑖 𝑡𝑡𝑗𝑗 , 𝑣𝑣𝑖𝑖 (𝑡𝑡𝑖𝑖 ) = 𝛽𝛽1 𝑗𝑗

Thus, if we know the characteristics of T�s or g we can characterize the other!

𝑡𝑡𝑗𝑗 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡𝑖𝑖 )
𝑖𝑖

12

SIMULATIONS
Virtual Constellation Simulator
A virtual constellation simulator has been developed in MATLAB to generate synthetic orbit and calibration data
for various types of CubeSat radiometer constellations to test and validate ACCURACy.

𝑇𝑇𝑖𝑖𝑖𝑖 𝑡𝑡 = 𝐴𝐴𝑖𝑖𝑖𝑖 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤 + 𝜃𝜃𝑖𝑖 + 𝑁𝑁(𝜇𝜇𝑖𝑖𝑖𝑖 , 𝜎𝜎𝑖𝑖𝑖𝑖 )
Thermistor Temperatures

𝑣𝑣𝑖𝑖 𝑡𝑡 = 𝑔𝑔𝑖𝑖 𝑡𝑡 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 𝑡𝑡 = 𝑔𝑔𝑖𝑖 𝑡𝑡 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖 𝑡𝑡 + 𝑇𝑇𝑏𝑏𝑖𝑖
Radiometer Voltages
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SIMULATIONS
ACCURACy,
i.e.,
mean,
and
uncertainty, i.e., standard deviation,
of
the
calibrated
antenna
temperatures for a constellation
radiometer calculated over 1minute time windows using the
(blue) baseline, (yellow) state-ofthe-art, and (red) ACCURACy
calibration methods.
Baseline: Individual calibration
SOTA: Intercalibration based on
overlapping measurements
ACCURACy: Principal components
describing 75% variability and cellbased clustering with 0.5-unit cell
radius.
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CONCLUSIONS AND DISCUSSION
 ACCURACy, or similar frameworks, could enable system level calibration of CubeSat radiometer
constellations with reduced errors and uncertainties.
 On the other hand, the following subject should be further studied:
 Efficient data sharing protocols to distribute calibration data among constellation members.
 Non-linear radiometer systems, non-autoregressive gain processes, and intelligent selection of
calibration data from the calibration data pools to reduce the errors and uncertainties.
 Flow of errors and uncertainties from one module to another, and the relationship between
adjustable parameters of the framework and calibration accuracy and uncertainty
requirements.
 Scalability of the framework, data processing, hardware and power requirements.
 And the framework should be tested with real CubeSat radiometers.
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THANK YOU VERY MUCH
Questions?
John Bradburn
email: jbradburn@albany.edu
PI: Mustafa Aksoy
email: maksoy@albany.edu
Phone: +1-518-442-2597
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